Objectives: To determine whether the transcriptional regulator Rgg contributes to penicillin-induced killing of Streptococcus pyogenes by altering a regulatory response to penicillin.
Introduction
Pharyngeal infection with Streptococcus pyogenes can result in acute rheumatic fever, which causes 500 000 deaths each year worldwide. 1 Prompt antibiotic treatment of streptococcal pharyngitis has decreased the mortality of this post-infection immune sequela in the United States from 15 000 annual deaths in the 1950s to the current level of 3500. Penicillin and erythromycin are typically used to treat pharyngeal infections; however, the incidence of erythromycinresistant isolates of S. pyogenes is increasing due to the dissemination of mef and erm genes.
2 Surprisingly, the pathogen remains sensitive to b-lactam antibiotics, despite decades of prophylactic use and the acquisition of resistance among related species, such as Staphylococcus aureus and Streptococcus pneumoniae, and oral flora. 3 To date, b-lactamase production has not been reported in S. pyogenes. It is unclear whether physiological or genetic barriers prevent the acquisition or maintenance of b-lactam resistance in S. pyogenes or whether resistance is imminent. 4 Although all isolates of S. pyogenes are sensitive to penicillin in vitro, the clinical failure rate associated with eradicating the pathogen from the pharynx is 35%. 5 Possible explanations for this include re-infection from exogenous sources, an intracellular reservoir of bacteria sequestered from the drug, b-lactamase-producing normal flora and phenotypic tolerance.
Penicillin inhibits the activities of enzymes involved in cell wall metabolism, which makes certain bacteria susceptible to osmotic lysis; however, some species, including S. pyogenes, are killed in the absence of detectable lysis. 6 One possible mechanism of penicillin-induced killing is the induction of a programmed cell death (PCD) response in bacteria, similar to apoptosis in eukaryotes. 7, 8 PCD is likely to be mediated by changes in gene expression and may be important for the survival of species exposed to adverse conditions, in developmental processes such as sporulation and in biofilm formation. 7, 8 Consistent with this theory, several regulatory loci influence penicillin-induced killing. These include both two-component regulatory systems, which alter gene transcription in response to changes in the environment, and global regulatory proteins. For example, LytRS of S. aureus is a two-component regulatory system [7] [8] [9] that controls the expression of lrgAB, which inhibit penicillin-induced death. [10] [11] [12] In S. pneumoniae, inactivation of VncS, which is the histidine kinase/phosphatase of the VncRS two-component system, confers tolerance to vancomycin. 13 In addition, the CiaRH two-component regulatory system is involved in resistance to b-lactam antibiotics and viability during the stationary phase of growth. 14, 15 Finally, SigB-dependent regulation is necessary for tolerance to b-lactam antibiotics in Listeria monocytogenes.
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These studies, and others, indicate that complex regulatory responses to changes in cell wall integrity are important in the response to b-lactam antibiotics and may result in either tolerance or cell death.
The rgg (regulator of glycosyltranferase G) gene encodes a transcriptional regulator that influences the expression of genes associated with virulence, catabolism and stress responses in S. pyogenes. [17] [18] [19] [20] [21] The amino terminus of Rgg encodes a putative helix-turn-helix motif and Rgg binds to the promoters of at least some genes to control gene transcription.
22-24 Inactivation of rgg in S. pyogenes strain NZ131 relieves exponential-phase repression of ArcABC 25 and decreases the expression of at least one putative murein hydrolase, designated Mur1.2. 19 Previously, penicillin tolerance in Streptococcus gordonii was associated with dysregulation of ArcABC 26 and altered expression of murein hydrolases is known to influence penicillin-mediated killing of a variety of related bacteria. The observations suggested that Rgg-mediated gene regulation may contribute to penicillin-induced killing of S. pyogenes. The objectives of this study were (i) to determine whether rgg inactivation affects penicillin-induced killing and (ii) to determine whether killing is associated with changes in gene expression in response to penicillin exposure. The results indicated that rgg inactivation confers low-level tolerance to penicillin-mediated killing of S. pyogenes. In addition, proteomic results support a model in which tolerance is conferred by changes in the abundance of Rgg-regulated proteins independently of penicillin exposure and is not due to disruption of a regulatory response to penicillin.
Materials and methods
Bacterial strains and culture conditions S. pyogenes strain NZ131 (serotype M49) and an rgg isogenic mutant strain, designated NZ131 rgg, were previously described. 18, 27 Briefly, the mutant strain was created by cloning an internal region of the rgg gene into the suicide vector pVA981-2, which confers resistance to erythromycin. Following electrotransformation, mutants were selected on agar plates containing erythromycin and confirmed by Southern blotting and nucleotide sequencing. Bacteria were cultured in Todd-Hewitt broth containing 0.2% (w/v) yeast extract (THY; BD Biosciences, Rockville, MD, USA) without agitation at 37 C in 5% CO 2 , unless otherwise stated.
Antibiotic treatment and killing assays
Penicillin G, penicillinase and cerulenin were obtained from Sigma (St Louis, MO, USA). The microdilution broth method was used to determine the MIC of penicillin. Penicillin concentrations ranging from 0.01 to 0.05 mg/L were made in 1 mL of THY and bacterial growth in 50 mL was detected by an increase in turbidity using a 1 cm path length cell in a Spectronic 20D+ spectrophotometer. Penicillininduced killing was assessed using both broth media and agar plates. For broth assays, S. pyogenes was cultured in 10 mL of THY broth in 12 mL Corning tubes until the mid-exponential phase of growth (OD 600 0.3) and penicillin or diluent (water) was added at specified concentrations. After 1, 4 and 24 h incubation, viable cfu were enumerated by dilution plating on THY plates containing agar and 3 U of penicillinase to inactivate any residual penicillin. For plate assays, 100 mid-exponential phase cfu were spread on THY agar plates containing 0.024 mg/L penicillin (twice the MIC). The plates were incubated for 18 h at 37 C and 5% CO 2 and then flooded with 100 mL (40 U) of penicillinase and incubated for an additional 18 h to allow tolerant bacteria to grow. To inhibit fatty acid biosynthesis (FAB), cerulenin was added at concentrations between 2 and 50 mg/L, as described previously.
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Protein preparations
The wild-type and mutant strains were grown at 37 C in 50 mL of THY. At the mid-exponential phase of growth (OD 600 0.3), either 0.024 mg/L penicillin or an equal volume of diluent (water) was added to test and control cultures, respectively, and the cultures incubated for an additional 1 or 4 h at 37 C. The cultures were then centrifuged for 15 min at 13 000 g at 4 C to collect the bacteria. The bacterial pellets were suspended with 500 mL of lysis buffer {7 M urea, 2 M thiourea, 4% (w/v) 3-[3-(cholamidopropyl)-dimethylammonio]-1-propane sulphonate (CHAPS), 1% (v/v) immobilized pH gradient buffer (IPG; GE Healthcare, Piscataway, NY, USA) and 75 mM dithiothreitol (DTT)}, frozen and stored at -80 C. Protein was isolated and quantified by using a FastPrep protein isolation kit, a PlusOne 2-D Clean-up kit and a PlusOne 2-D Quant kit, as described by the manufacturer (GE Healthcare, Piscataway, NY, USA).
Two-dimensional gel electrophoresis
An IPGphor isoelectric focusing system using immobiline dry strips (24 cm) with a linear pH range of 4-7 was used, as described by the manufacturer (GE Healthcare, Piscataway, NY, USA). IPG strips were hydrated with 0.2 mg of protein in 450 mL of sample buffer for 12 h at 20 C. Isoelectric focusing was performed with 500 V for 500 volt-hours (Vh), 1000 V for 1000 Vh and 8000 V for 96 000 Vh at 20
C. The strips were incubated in SDS equilibration buffer [50 mM Tris-HCl (pH 8.8), 6 M urea, 30% (v/v) glycerol, 2% SDS and Bromophenol Blue] for 10 min. SDS-PAGE separation was performed with a DALT II six electrophoresis apparatus (GE Healthcare, Piscataway, NY, USA) and 10% acrylamide resolving gels (0.1 by 23.4 by 19.5 cm) containing 1% (w/v) SDS. Rhinohide (Molecular Probes, Eugene, OR, USA) was added to the acrylamide as a strengthening agent, as instructed by the manufacturer. The running buffer consisted of 0.25 M Tris, 1.92 M glycine and 1% (w/v) SDS and electrophoresis was performed for 18 h at 75 V. Proteins were stained with Sypro Ruby (Molecular Probes, Eugene, OR, USA), and digital images were acquired with a Typhoon imager (GE Healthcare, Piscataway, NY, USA). Analysis of the gels, including protein spot detection and quantification, was performed with PDQuest software (Bio-Rad, Hercules, CA, USA). Protein spots were quantified by summing the values of pixels comprising each protein spot. Gels were normalized based on the sum of all protein spots detected in each sample.
Protein identification
Proteins of interest were excised from the SDS-PAGE gels with a robotic spot cutter (Bio-Rad, Hercules, CA, USA). Protease digestion and subsequent peptide purification was performed with a robotic liquid handling system (Waters, Milford, MA, USA), as described previously. 25 Briefly, peptides (5-10 mL of the tryptic digest solution) were separated with a C18 reverse-phase column (13 by 25 micron; LC Packings, Sunnyvale, CA, USA) by using a capillary liquid chromatography system and eluted directly into a Micromass electrospray ionization quadrupole/orthogonal time-of-flight mass (Q-ToF Micro; Waters) hybrid spectrometer with a 3-40% gradient of ACN-0.1% formic acid over 40 min and a flow rate of 20 nL/min. Spectra were obtained in positive ion mode, deconvoluted and analysed with MassLynx 4.0 software (Waters). Protein Lynx Global Server v. 2.1 (Waters) was used to query the non-redundant NCBI database (ftp:// ftp.ncbi.nlm.nih.gov/blast/db/FASTA). Proteins were identified by matching MS/MS spectra from at least two tryptic peptides or by de novo peptide sequence determination, when only one MS/MS match was identified. SPy designations and additional annotations are based on the SF370 genome sequence. 29 
Results
Inactivation of rgg alters penicillin-mediated killing
The MIC of penicillin was 0.012 mg/L for both wild-type and rgg mutant strains of NZ131. In children, the concentrations of penicillin 1 and 21 days after intramuscular injection are 0.08 and 0.01 mg/L, respectively. 30 Therefore, to assess pathogen killing, isogenic strains grown with either liquid or solid media were exposed to a clinically relevant concentration (0.024 mg/L; twice the MIC) of penicillin. In broth cultures (Figure 1 ), the wild-type strain lost 1.9 log 10 cfu/mL (80-fold) after 24 h of exposure to penicillin compared with controls; in contrast, the rgg mutant culture lost only 0.3 log 10 cfu/mL (2-fold). Similar results were obtained with penicillin concentrations of 0.1 and 1 mg/L (data not shown). The generation times of the wild-type and mutant strains under these conditions were 100 and 90 min, respectively. Penicillin-induced killing was also assessed on agar plates. Only 0.5% (-0.7) of the wild-type cfu survived penicillin exposure. In contrast, 21% (-0.5) of rgg mutant cfu were tolerant to penicillinmediated killing (P < 0.01). Together, the results indicated that rgg inactivation affects penicillin-induced killing. Although the magnitude of tolerance was low, we reasoned that the mutant strain could be useful in detecting potential penicillin-induced changes in gene expression associated with cell death or tolerance.
Penicillin alters the S. pyogenes proteome
One possible explanation of the tolerance of the mutant strain was that inactivation of rgg disrupted an Rgg-dependent regulatory response to penicillin that normally results in cell death. Alternatively, differences in gene expression in the mutant strain, regardless of penicillin exposure, could confer tolerance. To test these models and to determine whether penicillin exposure influences the wild-type proteome, we compared soluble cellular proteins isolated from the mutant and wild-type strains after exposure to penicillin with controls. The strains were grown to the mid-exponential phase of growth, the cultures were divided and either penicillin (0.024 mg/L) or an identical volume of diluent (water) was added. After 1 and 4 h of incubation, cellular proteins were isolated and separated with two-dimensional gel electrophoresis. Samples obtained from the wild-type strain after 1 h of exposure to either penicillin or water contained an average of 385 and 447 protein spots, respectively. After 4 h, 516 and 518 protein spots were detected in treated and control samples, respectively. In samples isolated from the rgg mutant strain, 475 and 656 proteins were detected after 1 h of exposure to penicillin or diluent, respectively; after 4 h, 547 and 464 protein spots were detected in treated and control samples, respectively. Several proteins were excised from the gels and identified with tandem mass spectrometry, which assisted in spot matching and gel to gel comparisons. Statistically significant differences in protein abundance following penicillin exposure (P < 0.05) were identified in each strain and the results are reported in Tables 1  and 2 . For comparison purposes, the results obtained from both strains are provided, even if a significant difference in protein abundance was detected in only one of the strains. The results confirmed a previous report that Rgg influences the abundance of proteins involved in metabolism and stress responses, which further validated the data. 25 After 1 h of penicillin exposure, the abundance of 12 proteins, corresponding to 11 loci, was altered in at least one of the strains compared with controls (Table 1) . Proteins involved in the metabolism of murein (MurD, UDP-N-acetylmuramoylalanine-Dglutamate ligase), pyruvate (AcoB, pyruvate dehydrogenase), fatty acid biosynthesis [FabF, 3-oxoacyl-(acyl-carrier-protein) synthase] and purine biosynthesis (PurA, adenylosuccinate synthetase) and glycolysis (Pgi, glucose-6-phosphate isomerase; Plr, glyceraldehyde-3-phosphate dehydrogenase; PyK, pyruvate kinase) were more abundant in wild-type and rgg mutant cultures exposed to penicillin compared with controls (Table 1) . ClpX (ATP-dependent Clp protease subunit X) was detected in samples obtained from the wild-type strain only after the addition of penicillin (Table 1 ). In samples obtained from the rgg mutant strain, ClpX was detected in both the control and penicillin-exposed samples but was more abundant after penicillin exposure ( Table 1 ). The abundance of the heat shock protein GroEL also increased after penicillin exposure in both strains (Table 1) . Although statistically significant (P < 0.05), the magnitude of changes in response to penicillin was generally low (Figure 2 ), which may reflect the finding that only a fraction of the rgg mutant culture (20%, based on results obtained using solid media) was tolerant to killing. In addition, we note that proteins not detected in the gels may be present below the limits of detection (1 ng) or may not be soluble under the conditions used. After 4 h of penicillin exposure, the abundance of 16 proteins was altered in one strain or the other compared with controls (Table 2) . Several were functionally related to Penicillin killing of S. pyogenes each other including proteins involved in the pentose phosphate pathway and purine metabolism (PrsA, ribosephosphate pyrophosphokinase; GuaB, inosine monophosphate dehydrogenase), lipid metabolism (AdhA, alcohol dehydrogenase I; GlmM, phospho-sugar mutase) oxidoreductases (GapN, NADP-dependent glyceraldehyde-3-phosphate dehydrogenase; SodA, superoxide dismutase), protein synthesis [RplA, 50S ribosomal protein L1; Tuf, elongation factor EF-Tu; TrmU, tRNA-(5-methylaminomethyl-2-thiouridylate)] and chaperones (DnaK, GroEL). Of note, the abundance of AdhA, which is probably involved in glycerolipid metabolism, decreased in the wild-type strain in response to penicillin but increased in the mutant strain (Table 2 ). In addition, GlmM, which is involved in lipid and cell wall biosynthesis was 10-fold more abundant in samples obtained from the mutant strain compared with the wild-type strain (Table 2 ). In contrast to changes identified after 1 h of penicillin exposure, a functionally related pattern of change was not apparent after 4 h of penicillin exposure. Penicillin-induced killing is more effective in the exponential phase of growth. Although this is generally attributed to cell division, other growth phase-associated phenotypes may play a role. Some of the changes in protein expression associated with the mutant strain prior to penicillin exposure suggested that the proteome of the rgg mutant strain in the exponential phase of growth was similar to that of the wild-type strain in the stationary phase of growth. To test this idea further, the quantities of all the proteins detected in stationary-phase cultures of the wild-type strain were compared with the amount of each matched protein isolated from the rgg mutant strain during the exponential phase of growth. The results showed that the exponential-phase proteome of the mutant strain is similar (P < 0.001) to that of the wild-type strain in the stationary phase of growth (R 2 = 0.82). In contrast, similar analysis of the exponential and stationary phase proteomes of the wild-type strain showed little correlation (R 2 = 0.46).
Inhibition of fatty acid biosynthesis enhances penicillin-induced killing
Penicillin exposure was associated with an increase in the abundance of several FAB enzymes. To determine whether FAB is involved in cell death, penicillin-induced killing of the wild-type and rgg mutant strains was assessed in the presence of cerulenin, which inhibits FAB by inactivating b-ketoacylsynthases. 31 Cerulenin slightly enhanced killing of the wild-type strain. Although the synergic effect of adding cerulenin was small, there was an apparent dose-dependent effect on bacterial cell killing (Figure 3 ). In contrast, 2 and 5 mg/L cerulenin did not enhance penicillin-induced killing of an rgg mutant strain and in some cases the exposed cultures had slightly more cfu/mL compared with the control cultures, which resulted in a negative value. However, the addition of 50 mg/L cerulenin enhanced penicillin-induced killing of an rgg mutant strain.
Discussion
The results of the current study indicate that inactivation of rgg in S. pyogenes strain NZ131 is associated with decreased susceptibility of the pathogen to penicillin-induced killing. Although the magnitude of tolerance was small, this is the first locus of S. pyogenes to be identified that alters penicillin-mediated killing. Thus, it was of interest to use the mutant strain in an attempt to identify changes in the proteome specifically associated with penicillin-induced cell death. Using a proteomic approach, changes were identified among proteins involved in FAB, the pentose phosphate pathway, glycolysis and stress responses after penicillin exposure. Most of these penicillin-responsive proteins were more abundant in the rgg mutant strain, even in the absence of penicillin. Thus the tolerance associated with rgg inactivation is most likely due to penicillin-independent changes in the expression of one or more Rgg-regulated genes. Therefore, the results do not support a model whereby penicillin exposure Figure 2 . Abundance of glycolytic and stress-responsive proteins after penicillin (Pen) exposure. Proteins were isolated from the wild-type (wt) and rgg mutant strains 1 h after exposure to penicillin or diluent and separated by two-dimensional gel electrophoresis. Selected proteins of interest are circled and identified below each gel section. Quantities, the pI and M r , are reported in Table 1 .
specifically induces an Rgg-dependent regulatory response that results in bacterial cell death. Stationary-phase bacteria, or bacteria otherwise starved for essential nutrients, are tolerant to penicillin-induced killing. 32 Such phenotypic tolerance has been attributed to changes in protein composition. 33 In several ways, the phenotype of the NZ131 rgg mutant strain during the exponential phase of growth resembles that of the wild-type strain in the stationary phase of growth. For example, the NZ131 rgg mutant strain expresses ArcABC, which facilitates the fermentation of arginine, during the exponential phase of growth; in contrast, the wild-type strain expresses the operon during the stationary phase of growth. 25 Similar changes in the expression of the arcABC operon were associated with penicillin-tolerant mutants of S. gordonii. 26 In S. gordonii, the mutations mapped outside the arc loci and were hypothesized to be in a gene encoding a global regulatory protein; however, it remains unclear whether any of the mutations were in orthologues of rgg. Moreover, the rgg mutant strain ferments arginine and serine during the exponential phase of growth even in the presence of glucose, similar to the catabolic activity of the wild-type strain during the stationary phase of growth. 21 Finally, the exponential-phase proteome of the rgg mutant strain correlated directly with that of the wild-type strain in the stationary phase of growth, supporting the idea that the loss of growth phase-dependent regulation in the mutant strain contributes to tolerance.
Changes in the expression of stress-responsive proteins alter penicillin-associated killing of a variety of bacteria. For example, in S. aureus the abundance of GroES and transcription of groEL increases after exposure to oxacillin. 34 Additional oxacillinresponsive genes include clpP and clpB. 35 ClpX was more abundant among samples from both the wild-type and rgg mutant strains of S. pyogenes after 1 h of exposure to penicillin and was more abundant in the rgg mutant strain compared with the wild-type strain. Interestingly, in Bacillus subtilis, ClpX inhibits the assembly of FtsZ in a ClpP-independent manner. 36 FtsZ is a tubulin-like protein essential for cell division. 37 Thus penicillininduced changes in the abundance of ClpX may affect FtsZ and disrupt proper assembly of cell wall precursors at the division septum, which may directly result in bacterial cell death. 38 Finally, HtrA, which was more abundant in the rgg mutant strain, also contributes to penicillin tolerance in L. monocytogenes.
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Clearly the pleiotropic nature of the rgg mutant strain complicates the identification of changes in gene expression which are directly responsible for tolerance to penicillin.
FAB and penicillin exposure
Enzymes involved in FAB including AcoB, AcoL, AccB, FabG and FabF were more abundant in both wild-type and rgg mutant samples after 1 h of exposure to penicillin compared with controls ( Table 1) . As noted previously, the enzymes were also more abundant in the mutant strain compared with the wild-type strain, even in the absence of penicillin. In Streptococcus mutans, the synthesis of fatty acids increases nearly 70-fold after penicillin exposure. 40 Although the regulation of FAB is not well characterized in S. pyogenes, it is typically coordinated with the synthesis of macromolecules such as phospholipids and peptidoglycan. Thus, the increase in FAB and coincident inhibition of peptidoglycan synthesis by penicillin would seem to be detrimental to the bacterium; however, cerulenin increased penicillininduced killing of S. pyogenes suggesting that FAB protects against bacterial cell death. Although the effect of cerulenin on killing was <1 log unit, the results were consistent with previous reports using related bacteria. For example, the addition of cerulenin also increases penicillin-induced killing of Enterococcus faecalis and Escherichia coli. [41] [42] [43] Penicillin also causes lipoteichoic acid to be released from the S. pyogenes cell wall 44 and the excretion of lipids into the medium. 45 Because lipids and lipoteichoic acids inhibit the activity of murein hydrolases, [46] [47] [48] [49] one possibility is that increased FAB in the absence of cell division promotes lipid excretion, which protects the pathogen from cell death by inhibiting murein hydrolase activity. We did not identify murein hydrolases in this study of predominately cytoplasmic proteins, presumably because they are secreted and associated with the cell wall. Additional information regarding streptococcal murein hydrolases and their role in penicillininduced killing of S. pyogenes is necessary to test this possibility.
Many features of penicillin-induced killing of S. pyogenes are poorly understood at the molecular level including the fortuitous lack of penicillin resistance among clinical isolates, which seems unusual after several decades of prophylactic use to prevent acute rheumatic fever and the emergence of resistance in related bacteria. In this work, we identified and characterized a mutant strain of S. pyogenes that confers low-level tolerance to penicillinmediated killing. In addition, we characterized the proteomes of the mutant and parental strain following penicillin exposure. Although clearly limited by the inability to detect all proteins (including membrane proteins), the results suggest that tolerance is due to changes in expression associated with rgg inactivation and not due to an altered regulatory response to penicillin exposure. Thus the stationary-phase pattern of gene expression in S. pyogenes, which is similar to that of the rgg mutant strain in the exponential phase of growth, could confer tolerance and thereby contribute to the clinical failure rate associated with penicillin treatment. Clearly, a better understanding of the mechanism of b-lactam-induced bacterial cell death is important in identifying the cause of clinical treatment failures, in assessing the risk of penicillin resistance emerging in S. pyogenes, and in the development of new antimicrobial compounds.
